The present work demonstrates the use of small bivalent engineered antibody fragments, cys-diabodies, for biological modification of nanoscale particles such as quantum dots (Qdots) for detection of target antigens. Novel bioconjugated quantum dots known as immunoQdots (iQdots) were developed by thiol-specific oriented coupling of tumor specific cys-diabodies, at a position away from the antigen binding site to amino PEG CdSe/ZnS Qdots. Initially, amino PEG Qdot 655 were coupled with reduced anti-HER2 cys-diabody by amine-sulfhydryl-reactive linker [N-ε-maleimidocaproyloxy] succinimide ester (EMCS) to produce anti-HER2 iQdot 655. Spectral characterization of the conjugate revealed that the spectrum was symmetrical and essentially identical to unconjugated Qdot. Specific receptor binding activity of anti-HER2 iQdot 655 was confirmed by flow cytometry on HER2 positive and negative cells. Immunofluorescence results showed homogeneous surface labeling of the cell membrane with Qdot 655 conjugate. In addition, cys-diabodies specific for HER2, as well as prostate stem cell antigen (PSCA), were conjugated successfully with amino PEG Qdot 800. All of these iQdots retain the photoluminescence properties of the unconjugated Qdot 800 as well as the antigen binding specificity of the cys-diabody as demonstrated by flow cytometry. Simultaneous detection of two tumor antigens on LNCaP/PSCA prostate cancer cells (which express PSCA and HER2) in culture was possible using two iQdots, anti-HER2 iQdot 655 and anti-PSCA iQdot 800. Thus, these iQdots are potentially useful as optical probes for sensitive, multiplexed detection of surface markers on tumor cells. The present thiol-specific conjugation method demonstrates a general approach for site-specific oriented coupling of cys-diabodies to a wide variety of nanoparticles without disturbing the antigen binding site and maintaining small size compared to intact antibody.
INTRODUCTION
In recent years, optical imaging has emerged as a sensitive detection method for diagnostic and therapeutic purposes. Quantum dots (Qdots), nanometer-scale semiconductor materials, represent an important class of fluorescent probe for biomolecular and cellular imaging (1) . Qdots are promising as optical probes because they exhibit high quantum yields, are resistant to photobleaching, have narrow and size-tunable emission wavelengths, and have broad excitation spectra. These unique optical properties of Qdots make them appealing as in ViVo and in Vitro fluorophores in a variety of biological investigations. Furthermore, since the emission wavelength is readily tuned by controlling the size of the Qdots, they can be synthesized to emit different colors, allowing multiplex imaging, which is increasingly important in the analysis of complex biological systems (2) . The use of Qdots as optical probes was originally pioneered by Alivisatos and Weiss and by Nie, in 1998. In the investigations of Alivisatos et al., two differentsized CdSe-CdS core-shell nanocrystals enclosed in a silica shell were prepared for fluorescent imaging of mouse fibroblast cells (3) . Nie et al. investigated receptor mediated endocytosis of transferrin receptor in cultured HeLa cells using CdSe-ZnS Qdots coupled with transferrin (4) . By chemically conjugating antibodies and peptides to their surface, quantum dots can specifically target cellular ligands of interest. Biocompatible Qdots have thus been applied for labeling cells (fixed and live) and tissues (5-7), long-term cell trafficking (8) , multicolor cell imaging (9) , tumor cell extravasation tracking (10, 11) , fluorescence resonance energy transfer (FRET)-based sensing (12) , bioluminescence resonance energy transfer (BRET)-based imaging (13) , and sentinel lymph-node mapping (14) . In addition, semiconductor Qdots have been shown to be suitable for realtime in ViVo imaging and Qdots surface-modified with poly-(ethylene glycol) (PEG) were reported to be biocompatible for in ViVo cancer targeting and imaging (15) (16) (17) .
Antibodies can be engineered into a wide variety of formats that retain binding specificity with target antigen and exhibit optimal properties such as rapid targeting and controlled blood clearance for in Vitro or in ViVo applications (18, 19) . Intact monoclonal antibodies are large (150 kDa) protein molecules. For coupling to Qdots, smaller antibody fragments would be preferable to intact IgGs ( Figure 1A) ; otherwise, the overall size of the antibody-Qdot conjugate becomes quite large. Smaller antibody fragments have been shown to be superior in their ability to extravasate and penetrate solid tumors in ViVo, when compared with intact antibodies (20) . Genetically fusing the variable light (V L ) and heavy (V H ) chain domains of a parental antibody through a peptide linker results in the production of a single-chain variable fragments (scFv, 27 kDa), at about 1/6 the size of native antibody, with the same specificity as that of parental intact antibody. Shortening the peptide linker results in formation of noncovalent dimers of scFvs, called diabodies (Db, 55 kDa) which retain full antigen binding activity and specificity in smaller formats (21) . Our lab has previously demonstrated that radiolabeled diabodies against cell surface cancer antigens efficiently target tumors in ViVo by microPET (22, 23) . Their small size (5 × 7 nm) makes these engineered antibody fragments specifically appropriate for conjugation to nanoscale particles.
Conjugation by random chemical modification may be risky for small antibody fragments, due to the possibility of inadvertently disrupting the binding site. Site-specific conjugation is more likely to preserve the binding activity of an antibody. X-ray crystallographic structure of the anti-CEA T84.66 diabody shows that the C-termini of the diabody subunits are almost 70 Å apart and on an alternate face from the antigen-combining site (24) . Introduction of cysteine residues at the C-termini of scFv fragment has been considered as an approach to allow sitespecific, thiol-reactive coupling at a site away from the antigen binding site to a wide variety of agents ( Figure 1A ) (25) (26) (27) (28) . Previous work from our laboratory demonstrated site-specific conjugation and radiolabeling of an anti-CEA diabody with C-terminal cysteine (cys-diabody) for rapid tumor targeting and imaging in CEA-positive xenograft bearing mouse by microPET (26) .
Numerous studies indicate that the avidity effect of having more than one binding site improves the targeting and retention of antibodies and immunoconjugates. For eventual in ViVo delivery, an antibody-nanoparticle conjugate needs to be small but also bivalent. Use of a bivalent cys-diabody as the targeting moiety ensures that (at least) two binding sites are attached to the particle, and optimization should allow production of 1:1 conjugates. In contrast, in order to achieve bivalency using monovalent scFv fragments, titration and optimization will be more challenging and yields probably lower, since a broad distribution of conjugation ratios, including monovalent complexes, will be obtained.
The present study demonstrates oriented site-specific coupling of bivalent cys-diabodies specific for well-characterized cancer cell surface antigens, HER2 and prostate stem cell antigen (PSCA) to fluorescent semiconductor amino PEG Qdots using thiol chemistry. Cys-diabody conjugated Qdots are termed immunoQdots (iQdots). Initial biophysical and functional characterization was performed with anti-HER2 iQdot 655. This iQdot demonstrated dual functionality: retention of HER2 antigen binding specificity as well as fluorescence signal of Qdot. Using two iQdots, anti-HER2 iQdot 655 and anti-PSCA iQdot 800, simultaneous detection of two antigens, HER2 and PSCA, on LNCaP/PSCA cells can be possible by in Vitro optical imaging. This study allows a general approach for biological modification of a variety of nanoscale particles with small bivalent engineered antibody fragments in an oriented fashion without affecting the antigen binding site and maintaining the overall small size compared to intact antibody.
EXPERIMENTAL PROCEDURES
Design, Expression and Purification of Cys-diabodies. The anti-HER2 cys-diabody was constructed from trastuzumab (Herceptin; Genentech, San Francisco, CA) human variable regions using an existing single-chain variable fragment (scFv) gene construct as template (29) . Affinity matured recombinant scFv fragment, derived from humanized anti-PSCA antibody (hu1G8 mAb) (30) was used as a template for anti-PSCA cysdiabody (Lepin, E. unpublished data). Overlap-extension PCR and site-directed mutagenesis (QuickChange XL, Stratagene, La Jolla, CA) were used to generate both of the cys-diabody constructs with the following orientation: V L -linker-V H -Cterminal cysteine modification (GGC) (28) . 5-Amino acid linker, SGGGG, and 6-amino acid linker, SGGGGS, are the linkers used to construct anti-HER2 and anti-PSCA cys-diabodies, respectively. The final PCR product of anti-HER2 cys-diabody was cloned in the pEE12 mammalian expression vector (Lonza Biologics, Slough, UK) (28) containing a mammalian leader sequence for secretion. The anti-PSCA cys diabody was cloned into pSyn1 plasmid for bacterial expression (gift of Dr. James D. Marks, University of California, San Francisco) (31) .
For expression of anti-HER2 cys-diabody, 2.5 × 10 6 NS0 cells (32) were transfected by electroporation with 10 µg linearized plasmid DNA and selected in glutamine-deficient media as described (25) . Anti-HER2 cys-diabody expression was screened by Coomassie stained SDS-PAGE precast 4-20% gels (Bio-Rad, Hercules, CA), under reducing and nonreducing conditions. The highest-expressing clones were expanded into triple flasks (Nunclon, Rochester, NY).
For bacterial expression of the anti-PSCA cys-diabody, Escherichia coli BL21 cells transformed with the pSyn1 expression vector were grown in Luria-Bertani broth (LB) to an OD 600 of 0.7, induced with a final concentration of 1 mM IPTG, and grown for 4 h at 37°C. Periplasmic extracts were prepared using Peripreps Periplasting Kits (Epicenter, Madison, WI).
Both of the cys-diabodies, anti-HER2 and anti-PSCA, were purified by immobilized protein L chromatography according to the manufacturer's instructions (Pierce, Rockford, IL). The final concentration of the purified proteins was determined by A 280 nm using an extinction coefficient ε ) 1.4. Purified proteins were analyzed by SDS-PAGE under reducing and nonreducing conditions. Cys-diabodies were also subjected to gel filtration chromatography on a Superdex 75 HR 10/30 column (GE Healthcare, Piscataway, NJ). Final protein yields were 3.0 mg/L of mammalian culture supernatant for anti-HER2 cys-diabody and 0.2 mg/L of bacterial culture supernatant for anti-PSCA cys-diabody.
Coupling of Qdots to Tumor-Specific Cys-diabodies. Cysdiabodies were covalently conjugated to Qdot 655 and Qdot 800 amino (PEG) quantum dots (Invitrogen, Carlsbad, CA). Briefly, Qdots were activated with the heterobifunctional crosslinker[N-ε-maleimidocaproyloxy] succinimide ester (EMCS) (Pierce) for 30 min at room temperature in 50 mM borate buffer (pH 7.4), yielding a maleimide-modified particle. In each reaction, 60 µg of cys-diabodies were simultaneously reduced by incubating in 20 mM DTT in PBS at room temperature for 30 min. Excess EMCS and DTT were removed using Bio-Spin 6 (Bio-Rad) desalting columns. Mock conjugation controls were also treated under the same conditions, with no cys-diabody added. Then, activated Qdots were incubated with reduced antibody fragment at room temperature for 1 h in 50 mM borate buffer (pH 7.4). The molar ratio of antibody fragment to Qdot was 22:1. The reaction was quenched by adding 34 µg of N-ethyl maleimide (NEM, 10 mg/mL in DMSO, Pierce) per mg of antibody fragment. The uncoupled free cys-diabody and excess NEM were removed by three washes using a 100 KDa ultrafiltration unit, Amicon Ultra-4 (Millipore Corp., Bedford, MA). The final iQdot complex was stored in 10 mM borate buffer at 4°C.
Cell Lines. NS0 mouse myeloma cells (32) and human breast cancer cell lines MCF7 (American type Culture Collection [ATCC], Manassas, VA; #HTB-22) transfected with HER2 (MCF7/HER2 (33)) were maintained as described (29) . Human prostate cancer cell lines LNCaP (American type Culture Collection (ATCC; #CRL-1740) transfected with PSCA (LNCaP/ PSCA (34)) and human B-cell lymphoma cell line SKW 6.4 (ATCC; #TIB-215) transfected with PSCA (SKW6.4/PSCA) (a generous gift of Dr. Robert Reiter, UCLA) were maintained as described (35) . SK-OV-3, the human ovarian carcinoma cell line (ATCC; #HTB-77) was maintained in McCoy's 5A medium (Mediatech, Inc., Herndon, VA) supplemented with 10% FBS, and Jurkat helper T cell lines (ATCC # TIB-152) were maintained as recommended by ATCC.
Photoluminescence Spectra. The emissions of unconjugated and conjugated Qdot 655 were determined using a QuantaMaster QM-6 steady state spectrofluorometer (Photon Technology International, Inc., Birmingham, NJ) with a 75 W xenon lamp and a 928R PMT. All NIR emission spectra were recorded on a CCD-array based SPM-002 spectrometer (Photon Control Inc., British Columbia, Canada) with a 532 nm diode pumped laser as pumping source.
Flow Cytometry. MCF7/HER2 cells were incubated with either anti-HER2 iQdot 655 or anti-HER2 iQdot 800 for 1 h at 4°C in PBS containing 1% FBS. LNCaP/PSCA cells were incubated with anti-PSCA iQdot 800 using the same conditions. Approximately 0.83 pmol of Qdots were used in flow cytometry experiments. The cells were then washed with PBS containing 1% FBS. Antibody fragments binding to tumor cells were quantified by FACSCalibur flow cytometer (Becton Dickinson, UK), and data were analyzed using Cell Quest software (Becton Dickinson). FL3 (λ em : 670 nm long pass) and FL5 (λ em : 740 nm long pass) filters were used for Qdot 655 and Qdot 800, respectively.
For competitive cell binding assays, experiments were performed in triplicate on MCF7/HER2 cells by the addition of a fixed concentration of anti-HER2 iQdot 655 (10 nM) and increasing concentrations of anti-HER2 antibody fragment, minibody (29) 
RESULTS
Synthesis and Biophysical Characterization of Anti-HER2 iQdot 655. Anti-HER2 cys-diabody was expressed in mammalian cells and purified successfully. Analysis of the purified proteins on SDS-PAGE showed that the cys-diabody migrated as a monomer consistent with its predicted molecular weight of approximately 25 kDa under reducing conditions and as covalent dimer of 55-60 kDa under nonreducing conditions ( Figure 1A ). An excess amount of reduced cys-diabody was allowed to react with activated amino PEG CdSe/ZnS Qdot 655 using the heterobifunctional cross-linker EMCS to form anti-HER2 iQdot 655 ( Figure 1B) .
To visualize the structure of synthesized anti-HER2 iQdot 655, transmission electron microscopy (TEM) was performed on anti-HER2 iQdot 655 and mock conjugated Qdot 655. TEM bright field images revealed that Qdots were uniform in size; prior to and following conjugation, only the inorganic particles are directly visualized at approximately 15 × 5 nm (Supporting Information Figure 1 ). Negative staining of the conjugates reveals an additional halo, consistent with the conjugation of protein to the particles. Size exclusion chromatography was also performed to evaluate conjugated Qdots. Chromatography on a Superdex 200 HR column showed a single peak eluting at 18.03 min, slightly earlier than that of mock conjugated Qdot 655 (18.28 min) suggesting a relatively uniform preparation without extensive aggregation (Supporting Information Figure 2 ).
To evaluate whether there was any difference in the photoluminescence (PL) spectrum of Qdots after conjugation to cysdiabody, PL measurements of Qdots were performed by excitation with a 488 nm laser. Figure 2A shows that the spectrum of anti-HER2 iQdot 655 is still symmetrical and almost identical to that of commercial Qdots with only a slight red shift.
Functional Characterization of Anti-HER2 iQdot 655. To determine whether the anti-HER2 iQdot 655 could bind to HER2, HER2 expressing human breast carcinoma MCF7/HER2 cells were incubated with anti-HER2 iQdot 655 and examined by confocal microscopy. The result demonstrated homogeneous surface labeling of the cell membrane with minimal cytoplasmic labeling. Minimal nonspecific binding to the cells was observed with mock conjugated Qdot 655 ( Figure 2B) .
The anti-HER2 iQdot 655 was also used to assess HER2 expression on MCF7/HER2 cells by flow cytometry. Results showed a strong fluorescent shift of anti-HER2 iQdot 655 with MCF7/HER2 cells ( Figure 3A) . Control experiments were performed to show the specificity of anti-HER2 iQdot 655. Incubation of MCF7/HER2 cells with mock conjugated Qdot 655 ( Figure 3A) or anti-CD20 iQdot 655 (irrelevant iQdot, negative control; data not shown) did not show a shift in fluorescence intensity. Anti-HER2 iQdot 655 also bound efficiently to other HER2 positive cells, i.e., SK-OV-3, ovarian carcinoma cells, and LNCaP/PSCA prostate cancer cells ( Figure  3A) . No binding was seen to HER2-negative Jurkat cells ( Figure  3A) .
In order to further evaluate the binding specificity of anti-HER2 iQdot 655, a cell-based competition assay in which Qdot conjugated cys-diabody was incubated simultaneously in the presence of increasing concentrations of competitor, was carried out and analyzed by flow cytometry (Figure 3B ). At higher concentrations of the competitor, lower amounts of iQdot were bound. This confirmed that anti-HER2 iQdot 655 retained the same epitope specificity as that of the anti-HER2 antibody fragment. 
Functional and Biophysical Characterization of NIR iQdots.
In small animals, NIR (700-900 nm) fluorescence imaging is expected to have major utility, because the absorbance spectra for biomolecules reach minima in the NIR region, providing a window for in ViVo optical imaging. We extended the coupling of anti-HER2 cys-diabody to amino PEG CdSe/ ZnS Qdot 800 (emission maximum at 785 nm, anti-HER2 iQdot 800). The specific binding of anti-HER2 iQdot 800 on MCF7/ HER2 cells was confirmed by cell binding assay ( Figure 4A) . In order to demonstrate this oriented thiol-specific coupling of other cys-diabodies specific for cell surface antigens to Qdots, we considered PSCA as an additional target. Applying the same thiol chemistry, we conjugated anti-PSCA cys-diabody with amino PEG Qdot 800 using EMCS (anti-PSCA iQdot 800). Strong binding of anti-PSCA iQdot 800 to LNCaP/PSCA cells was demonstrated by flow cytometry ( Figure 4B ).
PL measurements of NIR Qdots were performed following excitation with a 532 nm laser. The PL spectra measurements of the Qdots showed maxima at around 785 nm ( Figure 4C ). There was no significant change observed in mock conjugated and antibody conjugated Qdot spectra.
Duplex Antigen Detection of Prostate Cancer Cells Using Two Colored iQdots. Initially using individual Qdot conjugated cys-diabodies, anti-HER2 iQdot 655 and anti-PSCA iQdot 800, the expression of each target antigen, HER2 and PSCA, was examined on different cancer cells (Table 1) . Detection of two individual cancer markers on LNCaP/PSCA prostate cancer cells (which also express HER2) was verified by previous flow cytometry experiments using anti-HER2 iQdot 655 and anti-PSCA iQdot 800 separately ( Figure 3A and Figure  4B ). Simultaneous detection of the two tumor markers on the same cells was not possible due to lack of proper filters and instrumental settings. To examine the feasibility of multiplex fluorescence imaging, LNCaP/PSCA prostate cancer cells were incubated with two different Qdot conjugates and imaged using a Maestro In ViVo optical imaging system ( Figure 5A ). The spectral analysis shows the presence of two distinct peaks of anti-HER2 iQdot 655 and anti-PSCA iQdot 800 ( Figure 5B) verifying that multiplex fluorescence imaging is possible with these iQdots.
DISCUSSION
In this study, we report the site-specific conjugation of engineered antibody fragments with visible/NIR quantum dots for in Vitro cell labeling and multiplex imaging. A key feature of this approach is the use of cys-diabodies which represent the smallest bivalent antibody fragment that can be generated from intact antibodies. Furthermore, this cys-diabody format enables site-specific, oriented coupling, ideal for applications in nanotechnology. Initial studies showed that Qdots functionalized with anti-HER2 cys-diabody retained antigen-specific cell binding, demonstrated by flow cytometry and fluorescence microscopy. In addition, utilizing the same technique, anti-PSCA cys-diabody was successfully conjugated to Qdots and two-color analysis was possible. The amine modified quantum dots used in this study include a PEG spacer covalently attached to the Qdot surface. We found that the PEG linker gave less nonspecific background compared to the corresponding carboxyl-modified Qdot 655, which does not possess a PEG linker (unpublished data). This characterization is most likely due to the increased hydrophilicity and higher stability resulting from the PEG-coating. The PEGylation reduces the surface charge and as a result, the nonspecific binding is reduced (16) .
PEGylated Qdots have been used for in ViVo imaging in mice (17) . Addition of multiple PEG molecules provides improved biocompatibility and blood retention time. These improved properties of Qdots can facilitate their use as optical imaging probes in ViVo. Recently, the delivery of Qdot 655 labeled antibody to tumor cells was investigated by in ViVo real-time tracking (11) . RGD modified Qdots have also recently been tracked in vasculature by their binding with integrins using intravital microscopy (36) . PEGylated commercial Qdots had shown slower uptake into liver and spleen and low-level bone uptake in mice compared to un-PEGylated Qdot (37), but overall clearance times were still very rapid (6 min vs 2 min).
Use of engineered antibody fragments with Qdots for detection of a specific organic compound, 2,4,6-trinitrotoluene (TNT) was demonstrated using a scFv fragment (38) . This study showed the use of luminescent Qdots conjugated to antibody fragments in a solution-phase nanosensor, based on fluorescence resonance energy transfer (FRET) for the specific detection of the explosive TNT in aqueous environments. Attachment of the anti-TNT specific scFv fragments to a hydrophilic Qdot via metal affinity coordination is another example of oriented attachment of small antibody fragments to Qdots. In ViVo applications may be limited by the size of the overall complexes. In contrast, the present approach to site-specifically label cysdiabodies to any nanoscale particles can be used for in Vitro as well as in ViVo applications depending on the size of the conjugated particle.
In contrast to in Vitro applications, many challenges exist in ViVo, in particular, when targeting tumor is the goal. Many factors influence the penetration of antibody to areas distal from the blood vessels (39) . These include antibody affinity, concentrations, antibody size, vascular permeability, and intratumoral pressure. Methodologies for introducing specificities onto Qdots by conjugating intact antibodies specific for HER2 antigen and prostate-specific membrane antigen (PSMA) for in ViVo study have been developed (11, 17) . In mice bearing PSMA expressing tumor xenografts, in addition to tumor uptake, the antibody conjugated Qdots were trapped in the liver and spleen (17) .
Previous studies of antibodies and antibody fragments have shown rapid and homogeneous tumor penetration by scFv fragments compared to other immunoglobulin forms (20) . One potential shortcoming of the current Qdot conjugation strategies with biomolecules, especially vis-à-vis in ViVo applications, is that the Qdot bioconjugates are quite large (∼40-50 nm) once streptavidin or intact antibodies are incorporated. Such large nanoparticles will have difficulty in traversing the endothelium and penetrating into tissues and tumors. In contrast, if smaller antibody fragments such as cys-diabodies are directly labeled to Qdots, the overall smaller size of these iQdots should be more suitable for in ViVo applications. Further gains can be made by conjugation to even smaller particles such as zwitterionic, cyscoated quantum dots (QD-Cys) having hydrodynamic diameters of about 5.5 nm for rapid and efficient renal clearance and extravasation (40) . Schipper et al. have further examined the effects of particle size, surface coating, and PEGylation on the biodistribution and clearance of small, near-infrared InAs Qdots, observing a shift toward renal clearance following PEGylation of the smallest, peptide-coated Qdots (41) .
In conclusion, cys-diabodies are small, bivalent tumortargeting antibody fragments that retain antigen binding specificity after incorporation of the cysteine-modification at the C-termini. Their small size and favorable pharmacokinetics make them ideal for use in imaging and therapeutic applications. The present study demonstrates site-specific, oriented conjugation of cys-diabodies to commercially available amino PEG quantum dots. The iQdots retain the photoluminescence properties of the unconjugated Qdots as well as the antigen binding specificity of the cys-diabody. The overall small size of cysdiabody conjugated Qdots should render them suitable for biological applications. 
